■ INTRODUCTION
Atmospheric carbon dioxide is a potential source of renewable carbon for the production of fuels and chemicals. For this process to be sustainable, the hydrogen required for CO 2 reduction must be derived from water and the necessary energy must be supplied by a renewable source, such as solar radiation. One approach to this goal is the utilization of electrical energy generated by photovoltaics to drive the electrochemical CO 2 reduction reaction (CO 2 RR). 1−3 Previous research has shown that the overall rate of the CO 2 RR and the distribution of products formed depend primarily on the electrocatalyst used as the cathode. Copper is the only monometallic electrocatalyst capable of reducing CO 2 into potential fuels or multi-carbon chemicals with a total Faradaic efficiency (FE) in excess of 1%. 4, 5 Experimental and theoretical studies have demonstrated that carbon monoxide reduction is the overpotential-determining step in the reduction of CO 2 to hydrocarbons and alcohols over Cu. 6−11 The principal products formed by the reduction of CO are methane (CH 4 ), ethene (C 2 H 4 ), and ethanol (C 2 H 5 OH). 7, 12 However, a variety of other multi-carbon alcohols, aldehydes, and carboxylic acids are also produced, albeit in trace quantities. 7, 12 Since multi-carbon products are more valuable precursors to chemicals and fuels than CH 4 , there is considerable interest in modifying Cu to enhance the multi-carbon product selectivity (see Supporting Information, SI-1). Unfortunately, the FE of multi-carbon product generation over Cu is limited by parasitic loss of total current density to the relatively facile hydrogen evolution reaction (HER). Thus, recent studies have focused on suppressing HER and enhancing the multi-carbon product selectivity. These studies have revealed that the applied potential, 7, 12, 13 surface morphology, 14−18 cation identity, 19−21 and buffer concentration 22−24 influence the product distribution obtained over Cu. While alloying is another means for tuning the product distribution, 25 no multi-metallic electrocatalyst has been discovered with a multi-carbon product selectivity superior to pure Cu. 26−29 In fact, it has been shown that the multi-carbon product selectivity observed over Cubased alloys decreases systematically with the Cu content, suggesting that neighboring Cu atom ensembles are required for efficient C−C coupling. 29 Under the conditions of CO 2 RR a substantial portion of the Cu surface is covered by adsorbed CO, which suppresses HER by both reducing the effective number of electrocatalytically active surface sites and by weakening the H adsorption energy of the remaining open sites. 7,30−32 As a result, the surface coverage of CO influences the rate of HER as well as the distribution of products derived from CO, with higher CO coverages presumably inhibiting HER and enhancing the multicarbon product selectivity. Consistent with this interpretation, the ratio of CH 4 to C 2 H 4 has been observed to scale directly with the FE for H 2 . 22, 33, 34 At potentials cathodic of −1 V vs RHE the FEs for H 2 and CH 4 increase rapidly at the expense of C 2+ products over Cu. 12 The onset potential of this selectivity shift corresponds to the potential at which Cu reduces nearly all of the CO that it produces into hydrocarbons or alcohols (see Supporting Information, SI-2), suggesting that this selectivity shift is caused by a reduced coverage of adsorbed CO. Thus, we hypothesized that supplying additional CO to Cu by colocating domains of Cu with those of a CO-generating metal would enhance the C 2+ product selectivity because the elevated CO concentration in the vicinity of the cathode will result in a higher steady-state coverage adsorbed on Cu (see Supporting Information, SI-3). 35 To this end, we identified the Cu−Ag system as the optimal bimetallic system to probe this hypothesis because Ag produces more CO than Cu at a given potential and because Cu and Ag are virtually immiscible in the bulk at all compositions at room temperature (see Supporting Information, SI-4). 36, 37 In the balance of this paper, we report the results of our investigation of CO 2 RR over CuAg bimetallic electrodes and surface alloys. While we have observed evidence of synergy between Cu and Ag, the data do not support our original hypothesis that this is a result of CO spillover. Instead, we have discovered that Ag promotes the Cu surface by the formation of a CuAg surface alloy that induces compressive strain in the Cu surface atoms. The compressive strain in the Cu surface results in an observable shift of the valence band structure of Cu to deeper levels. This modification weakens the adsorption energy of H, resulting in a 60−75% reduction in the HER activity of Cu during CO 2 RR. Interestingly, the inhibition of HER does not impact the ability of Cu to produce products derived from CO, leading to a 10−15% boost in the total FE for C 2+ products. Furthermore, the distribution of products derived from CO changes in favor of multi-carbon carbonyl-containing products at the expense of hydrocarbons. This product selectivity modification is attributed to reduced rates of C−O bond scission resulting from the suppression of HER and the reduced oxophilicity of the compressively strained Cu, which presumably inhibits the ability of Cu to reduce these carbonylcontaining intermediate products further.
■ EXPERIMENTAL SECTION
Electrode Preparation. All CuAg bimetallic electrodes were prepared by melting physical mixtures of Cu (99.999%) and Ag (99.999%) in the desired atomic ratios under Ar in a vacuum arc furnace. The molten mixtures were rapidly quenched in deionized (DI) water and cold-rolled into foils. The bimetallic foils were then polished with a series of sandpapers (600, 1200, and 2500 grit 3M) and sonicated in DI water for 30 min before any characterization or electrochemical testing was performed.
Cu(100) thin films were prepared using an AJA ATC Orion-5 magnetron sputtering system. Polished Si(100) wafers (1−10 Ω·cm Virginia Semiconductor) were utilized as substrates and were etched immediately before deposition using 10 wt% HF. 38, 39 Cu (99.999% Kurt J. Lesker) was then sputtered onto the etched wafers at a rate of 1 Å/s to a thickness of 100 nm under Ar. The Cu films were then exposed to a deaerated solution of AgNO 3 at 50°C for 5 min in order to galvanically exchange Ag into the Cu surface. The surface Ag content was controlled by adjusting the AgNO 3 concentration in the galvanic exchange solution.
Electrode Characterization. The crystal structure of the bimetallic electrodes and epitaxial Cu films was analyzed with a Rigaku Smartlab X-ray diffractometer (XRD) using Cu Kα radiation (40 kV, 40 mA). The diffractometer was equipped with parallel beam optics and a 0.5°parallel slit analyzer in order to mitigate measurement errors arising from the surface curvature of the bimetallic foils. The bulk crystal structure was analyzed by conducting symmetric measurements while the near-surface crystal structure was analyzed by conducting asymmetric measurements with the incident radiation beam fixed at a grazing angle of 0.5°. The compositions of the observed phases were calculated using Vegard's law and their average crystallite sizes were calculated using the Scherrer equation. The orientation of the Cu crystallites with respect to the Si substrate were determined by conducting symmetric in-plane φ scans at the Bragg reflections corresponding to both Si(111) and Cu(111). The degree of preferred orientation in the epitaxial Cu thin films was determined by conducting symmetric out-of-plane Ω scans, or rocking curves, at the Bragg condition corresponding to Cu(200).
The bulk composition of the bimetallic electrodes was measured using an FEI Quanta FEG 250 scanning electron microscope (SEM) equipped with a Bruker Quantax energy dispersive spectrometer (EDS). Elemental quantification was conducted by measuring the Xray emission from the Cu K and the Ag L levels upon excitation by an electron beam (15 kV). Each electrode was analyzed at 10 distinct positions in order to assess the spatial uniformity of the measured bulk composition. The standard deviation of the measured bulk composition was found to be <1 at.% for all bimetallic electrodes, indicating that they are compositionally uniform at the micrometer length scale.
The near-surface composition and valence band structure of the bimetallic electrodes and surface alloys were measured using a Kratos Axis Ultra DLD X-ray photoelectron spectrometer (XPS). All spectra were acquired using monochromatized Al Kα radiation (15 kV, 15 mA). Ar sputtering of the sample surface was avoided in order to prevent surface composition changes resulting from the nonequivalent sputtering rates of Cu and Ag unless explicitly stated otherwise. Where applicable, Ar sputtering of the sample surface was conducted using a focused Ar ion beam (5 kV). The kinetic energy scale of the measured core level spectra was calibrated by setting the C 1s binding energy to 284.8 eV. Elemental quantification was conducted by measuring the photoelectron emission from the Cu 2p and Ag 3d orbitals using a Shirley background and normalizing their integrated areas by an internally calibrated relative sensitivity factor. The Cu 2p spectral features were fit to three individual components (Cu 0 , Cu + , and Cu 2+ ) using the CasaXPS software. The kinetic energy scale of the measured valence band spectra was calibrated by setting the maximum rate of signal loss to 0 eV. Angle-resolved XPS (ARXPS) was conducted by measuring photoelectrons ejected at an angle of 30°from the sample surface, which results in twice the surface sensitivity compared to photoelectrons collected normal to the sample surface. The surface composition of the bimetallic electrodes and surface alloys were measured by ion scattering spectroscopy (ISS) using the same instrument. All ISS spectra were acquired using a focused He ion beam (1 kV). Elemental quantification was conducted by integrating the Cu and Ag spectral features using a linear background and normalizing their integrated areas by an internally calibrated relative sensitivity factor.
Electrochemical Characterization. All electrochemical measurements were conducted in a custom gastight electrochemical cell machined from PEEK. 40 The cell was sonicated in 20 wt% nitric acid and thoroughly rinsed with DI water prior to all experimentation. The working and counter electrodes were parallel and separated by an anion-conducting membrane (Selemion AMV AGC Inc.). Gas dispersion frits were incorporated into both electrode chambers in order to provide ample electrolyte mixing. The exposed geometric surface area of each electrode was 1 cm 2 and the electrolyte volume of each electrode chamber was 1.8 mL. The counter electrode was a glassy carbon plate (Type 2 Alfa Aesar) that was also sonicated in 20 wt% nitric acid prior to all experimentation. Platinum was not used as the anode due to the possibility of contaminating the cathode. 41 The working electrode potential was referenced against a Ag/AgCl electrode (Innovative Instruments Inc.) that was calibrated against a homemade standard hydrogen electrode. A 0.05 M Cs 2 CO 3 (99.995% Sigma-Aldrich) solution prepared using 18.2 MΩ DI water was used as the electrolyte. This electrolyte was selected because it has been shown to enhance the C 2+ product selectivity obtained over polycrystalline Cu. 19−21 Metallic impurities in the as-prepared electrolyte were removed before electrolysis by chelating the solution with Chelex 100 (Na form Sigma-Aldrich). 42 Both electrode chambers were sparged with CO 2 (99.999% Praxair Inc.) at a rate of 5 sccm for 30 min prior to and throughout the duration of all electrochemical measurements. Upon saturation with CO 2 the pH of the electrolyte was 6.8, which was maintained throughout the duration of chronoamperometry.
Electrochemistry was performed using a Biologic VSP-300 potentiostat. All electrochemical measurements were recorded versus the reference electrode and converted to the RHE scale. Potentiostatic electrochemical impedance spectroscopy (PEIS) was used to determine the uncompensated resistance (R u ) of the electrochemical cell by applying voltage waveforms about the open-circuit potential with an amplitude of 20 mV and frequencies ranging from 50 Hz to 500 kHz (see Supporting Information, SI-5). The potentiostat compensated for 85% of R u in situ and the last 15% was postcorrected to arrive at accurate potentials. The redox properties of the bimetallic electrodes were assessed by performing cycling voltammetry from −0.3 to +1.1 V vs RHE at a scan rate of 10 mV/s until a stable voltammogram was obtained, which occurred in less than 10 cycles. The electrocatalytic activity of each bimetallic electrode and surface alloy was assessed by conducting chronoamperometry at −1.05 and −1.00 V vs RHE, respectively, for 70 min. Each electrode was tested at least three times in order to ensure the statistical relevance of the observed trends.
Product Analysis. The effluent from the electrochemical cell was introduced directly into the sampling loop of an Agilent 7890B gas chromatograph (GC) equipped with a pulsed-discharge helium ionization detector (PDHID). The effluent was sampled after the first 10 min of chronoamperometry and every 14 min thereafter. The constituents of the gaseous sample were separated in He (99.9999% Praxair Inc.) using a Hayesep-Q capillary column (Agilent) in series with a packed ShinCarbon ST column (Restek Co.). After sampling the reaction effluent the column oven was maintained at 50°C for 1 min followed by a temperature ramp at 30°C/min to 250°C, which was maintained for the duration of the analysis. The signal response of the PDHID was calibrated by analyzing a series of NIST-traceable standard gas mixtures (Airgas Inc.) (see Supporting Information, SI-6).
The electrolyte from both electrode chambers was collected after electrolysis and analyzed using a Thermo Scientific UltiMate 3000 liquid chromatograph (HPLC) equipped with a refractive index detector (RID). The electrolyte samples were stored in a refrigerated autosampler until analyzed in order to minimize the evaporation of volatile liquid-phase reaction products. The liquid-phase products contained in a 10 μL aliquot were separated using a series of two Aminex HPX 87-H columns (Bio-Rad Inc.) and a 1 mM sulfuric acid eluent (99.999% Sigma-Aldrich). The column oven was maintained at 60°C for the duration of the analysis. The signal response of the RID was calibrated by analyzing standard solutions of each product at a concentration of 1, 10, and 50 mM (see Supporting Information, SI-7).
■ RESULTS AND DISCUSSION
Characterization of the As-Prepared Bimetallic Electrodes. XRD and GIXRD measurements were carried out to determine the bulk and near-surface crystal structures, respectively, of the bimetallic electrodes (see Supporting Information, SI-8 and SI-9). Figure 1 shows the asymmetric GIXRD patterns of the bimetallic electrodes. The presence of diffraction peaks associated with Cu and Ag and the absence of any diffraction peaks associated with a CuAg alloy phase confirms the phase-segregated nature of the electrodes. Furthermore, the minimal shift of the Cu and Ag diffraction peak positions indicates that the Cu and Ag phases have undergone minimal alloying (<3 at.% on average as calculated by Vegard's law). The near-surface Cu and Ag crystallites were calculated to be 10−15 nm in size and were observed to be preferentially oriented in the (111) direction, despite that GIXRD does not probe lattice planes parallel to the electrode surface. Moreover, the relative intensities of the Cu and Ag diffraction peaks in the near-surface region were found to be independent of the bulk composition (see Supporting Information, SI-10).
The bulk compositions of the as-prepared bimetallic electrodes were quantified by EDS (see Supporting Information, SI-11), the near-surface compositions were quantified by XPS (see Supporting Information, SI-12), and the surface compositions were quantified by ISS (see Supporting Information, SI-13). Both XPS and ISS yielded results that were completely consistent with EDS, as shown in Figure 2A . Thus, the average composition of the as-prepared bimetallic electrodes was determined to be independent of depth from the surface.
Journal of the American Chemical Society
Transient Reaction Selectivity of the Bimetallic Electrodes. The FEs of the gaseous products produced over the CuAg bimetallic electrodes were monitored with time during CO 2 RR in order to determine the stability of the electrodes. While the FEs of the gaseous products were constant over pure Cu and Ag, all of the bimetallic electrodes exhibited changes in the product distribution over the first 20 min of electrolysis. These changes were most significant for the Ag-rich bimetallic electrodes and were characterized by a drop in the FE of CO and an increase in the total FE of products derived from CO, as shown in Figure 2B . These observations suggest that the surface of the bimetallic electrodes undergo Cu enrichment during this transient period. To confirm this hypothesis the near-surface and surface compositions of the bimetallic electrodes were measured by XPS and ISS after chronoamperometry. As shown in Figure 2A , the XPS and ISS measurements taken after chronoamperometry confirm that Cu surface enrichment occurs over the course of electrolysis. Furthermore, the magnitude of the reaction selectivity changes over the transient period scale with the magnitude of the observed Cu surface enrichment, confirming that the transient reaction selectivity is caused by the segregation of Cu to the electrode surface (see Supporting Information, SI-14) . However, no change in the average crystallite size or extent of alloying was observed by GIXRD after electrolysis, potentially due the inadequate surface sensitivity of the measurement. Interestingly, the Ag-rich bimetallic electrodes undergo more Cu surface enrichment than those that are Curich. This suggests that Cu initially dissolved in the Ag phase segregates to the surface, since the fraction of Cu present in the bimetallic electrodes that is dissolved in the Ag phase increases with the bulk Ag content. The consistency of the measured near-surface and surface compositions suggests that the segregation of Cu to the surface of the Ag phase forms a Curich skin with a thickness ≥1 nm. The driving force for the segregation of Cu to the surface of the Ag phase is hypothesized to be the stronger interaction of CO with Cu than Ag.
9,10
Steady-State Selectivity of the Bimetallic Electrodes. The steady-state CO 2 consumption rate observed over all of the bimetallic electrodes was lower than the diffusion limited consumption rate observed over polycrystalline Ag, ensuring that the trends reported herein are not excessively affected by mass transfer effects (see Supporting Information, SI-15). Since the bimetallic electrodes with bulk compositions of 10−60 at.% Cu enrich to roughly the same surface composition at steady state, the results obtained over all of these electrocatalysts were averaged together. The H 2 FE observed over the bimetallic electrodes was significantly lower than that observed over polycrystalline Cu, with the nominal bimetallic electrodes exhibiting H 2 FEs ∼ 30% lower than observed over pure Cu (see Supporting Information, SI-16) . A large fraction of this current is instead utilized to produce CO, which is produced with an average FE of ∼20% over the nominal bimetallic electrodes. However, a portion of this current is also utilized to produce products derived from CO, with a total FE ∼10% higher observed over the nominal bimetallic electrodes than pure Cu. Interestingly, the bimetallic electrodes are also unusually selective for the formation of multi-carbon oxygenates, producing a maximum FE of ∼35%, which is more than double the total oxygenate FE observed over pure Cu. Acetate and acetaldehyde account for a substantial portion of the multicarbon oxygenate selectivity, reaching a combined FE of ∼15%, which is significant because neither of these products is produced over pure Cu with a FE above 1%.
Steady-State Activity of the Bimetallic Electrodes. The steady-state partial current densities of the major reaction products are plotted as a function of the steady-state nearsurface composition of the CuAg bimetallic electrodes in Figure  3 . The steady-state activity of the bimetallic electrodes did not display any dependence on the extent of alloying observed in the individual phases by XRD or GIXRD. However, it is apparent that the HER activity is suppressed compared to what would be expected if the bimetallic electrodes behaved as a linear combination of Cu and Ag, with the nominal bimetallic electrodes producing ∼75% less H 2 than pure Cu. Conversely, the total partial current density to products derived from CO scales linearly with the surface Cu content, meaning that the suppression of HER does not inhibit the ability of Cu to produce products derived from CO. Thus, the enhanced selectivity to multi-carbon products observed over the bimetallic electrodes is a consequence of the suppression of HER and not the enhancement of CO 2 RR. The suppression of HER could be explained in terms of an enhanced coverage of CO adsorbed on Cu due to spillover from Ag. However, if significant CO spillover occurred, the observed CO partial current density would be lower than expected for a linear combination of Cu and Ag. Conversely, the CO generation rate scales linearly with the surface Ag content of the bimetallic electrodes. Therefore, the absence of missing CO does not support our initial hypothesis that CO generated over Ag is consumed over Cu. As mentioned previously, the distribution of products derived from CO is modified compared to what is typically observed over pure Cu, with a ∼400% enhancement of the generation rate of multi-carbon carbonyl-containing products compared to pure Cu. This activity boost is accompanied by a concomitant suppression of the hydrocarbon partial current density, which is predominately ethene. Additional experiments conducted over a Ag mesh backed by a Cu foil confirmed that an elevated local CO concentration does not significantly impact the distribution of products obtained over Cu, confirming that CO spillover is not the cause of the modified product distribution observed over the bimetallic electrodes (see Supporting Information, SI-17).
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The total partial current densities to products produced over Cu were normalized by the steady-state near-surface Cu content and plotted as a function of the steady-state nearsurface composition in order to gain insight into the dependence of the activity of the Cu phase in the bimetallic electrodes on the near-surface composition. As shown in Figure  4 , the addition of Ag into Cu suppresses the HER activity of the Cu phase by ∼75% during CO 2 RR. Conversely, the addition of Ag into Cu does not impact the total partial current density to products derived from CO, as previously stated. However, the distribution of products derived from CO does change, with the generation rate of carbonyl-containing products being enhanced at the expense of hydrocarbons. Interestingly, the activity of the Cu phase in the bimetallic electrodes is independent of the near-surface composition, suggesting that Ag may act as a surface promoter of Cu. However, this promoter effect saturates before a bulk Ag phase forms, which is why the Cu phase is identical in electrocatalytic activity in all the bimetallic electrodes studied here. Thus, the Cu phase in the bimetallic electrodes is expected to have a surface atomic arrangement that is independent of the near-surface composition. In the next section, we explore the possibility that small amounts of Ag can promote the Cu surface and shift the product distribution to favor multi-carbon oxygenates at the expense of H 2 and hydrocarbons.
Cu(100)+Ag Surface Alloys. Epitaxial Cu(100) thin films have been observed to exhibit surface adlattices upon electrochemical reduction that are identical to their bulk structure, 43 which makes them a well-defined foundation for a systematic study of the effect of Ag surface promotion on the electrocatalytic activity of Cu. Accordingly, Cu(100)+Ag electrodes were prepared by epitaxial growth of Cu on Si(100) followed by galvanic exchange with Ag. As shown in Figure 5A , Cu(111) X-ray pole figures of the Cu(100) thin films exhibit the 4-fold symmetry characteristic of Cu(100), confirming the epitaxial nature of the Cu thin films (see Supporting Information, SI-18). The Ag loading on the Cu(100) thin films was quantified by XPS after galvanic exchange and was found to scale with the concentration of AgNO 3 in the galvanic exchange solution (see Supporting Information, SI-19). As shown in Figure 5B , ISS confirmed that the Ag was incorporated into the Cu(100) surface. The direct correlation between the integrated area of the Ag ISS peak with the near-surface Ag composition, as quantified by XPS, suggests that all of the exchanged Ag atoms are located at the electrode surface (see Supporting Information, SI-20) .
The electrocatalytic activity of the Cu(100)+Ag electrodes were measured under conditions similar to those utilized to assess the CuAg bimetallic electrodes. Unlike the bimetallic electrodes, the Cu(100)+Ag electrodes did not display significant changes in reaction selectivity with time, suggesting that the surface structure and composition are stable throughout the duration of electrolysis (see Supporting Information, SI-21). This stability is expected because the immiscibility of Cu and Ag prevents Ag from diffusing into the bulk of the Cu thin film during electrolysis. As the near-surface Ag content of the Cu(100)+Ag electrodes increased, the steady-state activity more closely resembled that observed over the Cu phase in the bimetallic electrodes, as shown in Figure 6 . In fact, the HER activity of the Cu(100) thin films decreased by ∼60% by the incorporation of ∼3 at.% Ag into the near-surface region. Furthermore, the suppression of HER had a negligible impact on the ability of Cu to reduce CO, resulting in a 10% boost in the multi-carbon product FE compared to pure Cu(100). Furthermore, the addition of Ag into the Cu (100) surface enhanced the rate of carbonyl-containing product generation at the expense of ethene. Thus, the activity trends observed over the Cu phase in the bimetallic electrodes were qualitatively reproduced by adding <3 at.% Ag into the nearsurface region of Cu(100), confirming the role of Ag as a surface promoter of Cu.
Electronic Modifications of Cu Induced by Compressive Strain. While Cu and Ag are completely immiscible in the bulk at room temperature, 37 surface science studies have revealed that they exhibit limited surface miscibility. 44 In fact, the addition of Ag adatoms onto Cu(100) single crystals was found to spontaneously result in the formation of a random substitutional surface alloy at room temperature with a maximum Ag content of ∼16 at.% in the top layer of atoms. 44 Since the penetration depth of XPS is ∼10 atomic layers, a Ag-saturated Cu(100)+Ag surface alloy would have a near-surface composition of ∼1.6 at.% Ag, which we have found to be the optimal near-surface composition for the suppression of HER. Interestingly, surface scientists have observed that the Ag atoms incorporated into the Cu(100) surface have fewer Ag nearest neighbors than would be expected for an ideal solution. This occurs because the substitution of larger Ag atoms into the Cu surface induces compressive strain in the surrounding Cu atoms, which causes the incorporated Ag atoms to repel one another. 44, 45 Thus, the incorporation of a relatively small amount of Ag into the Cu surface will result in compressive strain in the majority of Cu surface atoms.
Strain has been identified both theoretically and experimentally as a means of modifying the electrocatalytic activity of transition metals. 46−48 This electrocatalytic activity modification arises due to changes in the valence band structure of the strained metal, with compressive strain inducing a shift of the valence band density of states to higher binding energies. 49 Since the interaction of the valence orbitals of a transition metal with the electronic orbitals of the adsorbate is what determines the adsorption energy, these strain-induced electronic modifications are accompanied by a concomitant shift in the adsorption energy of reactive chemical species. 46, 50, 51 The magnitude of these adsorption energy shifts scale with the magnitude of the lateral surface strain, with the adsorption energy of O being roughly 5 times more sensitive to strain effects than CO.
52, 53 As the valence band density of states shifts to higher binding energies there is generally less interaction with the electronic orbitals of adsorbates, resulting in the population of the antibonding orbital and a weak adsorption energy. 54, 55 To provide evidence for the presence of electronic modifications in the CuAg bimetallic electrodes and surface alloys consistent with compressive strain, the valence band density of states of the bimetallic electrodes were measured and compared to what would be expected if they behaved as a linear combination of Cu and Ag (see Supporting Information, SI-22). As shown in Figure 7 , the valence band density of states of the CuAg bimetallic electrodes behave largely as a linear combination of Cu and Ag. However, subtle differences in the observed valence band at binding energies below 3.5 eV suggest that the valence band density of states of the Cu phase in the bimetallic electrodes has shifted to higher binding energies. Furthermore, the magnitude of the shift is nearly independent of the bulk composition of the bimetallic electrodes, consistent with the notion that the surface of the Cu phase in the bimetallic electrodes consists of a CuAg surface alloy with a saturated Ag content. It is important to note that such valence band modifications can also arise due to ligand effects, wherein a formal electron transfer between the constituent metals occurs. 55 However, the driving force for such an electron transfer is either a difference in the electronegativity of the constituent metals or a difference in the fraction of their valence bands that are populated by electrons. 56−59 Since Cu and Ag have equally filled valence bands, and possess nearly identical electronegativities, there is no driving force for an electron transfer between Cu and Ag. This hypothesis was confirmed by the lack of a shift in the binding energies of the Cu 2p or Ag 3d core levels in the bimetallic electrodes, which would be expected if an electron transfer between the constituent metals occurred (see Supporting Information, SI-23).
As previously stated, the binding energy of O is roughly 5 times more sensitive to strain effects than CO. 53 Conveniently, the oxophilicity of transition metals is highly correlated with their standard reduction potentials (see Supporting Information, SI-24). Thus, cyclic voltammetry can be utilized to determine if the compressive strain induced by the incorporation of Ag atoms into the Cu surface results in an observable reduction of the oxophilicity of Cu (see . As shown in Figure 8 , the Cu 2+ /Cu + reduction wave is shifted to more anodic potentials over the bimetallic electrodes compared to pure Cu, consistent with the notion that the Cu surface is compressively strained by surface alloying with Ag. Impact of Compressive Strain on the Reaction Kinetics and Product Selectivity. The activity descriptor for HER over transition metals has been shown theoretically to be the H adsorption energy. 60−62 Since monometallic Cu has a suboptimal H adsorption energy, the adsorption of H is the rate-determining step of HER over Cu. 60 Thus, weakening the H adsorption energy by compressive strain should reduce the HER activity of Cu further by reducing the fraction of the surface covered by adsorbed hydrogen atoms. Conversely, the activity descriptor of CO 2 RR has been proposed to be the CO adsorption energy since the reduction of CO is the ratedetermining step in the reduction of CO 2 to hydrocarbons and alcohols over Cu. [7] [8] [9] [10] 63 Thus, one would expect the rates of CO 2 RR over Cu to be influenced by compressive strain, in contrast to what is observed in the present work. To reconcile this apparent inconsistency one must consider the differences in the site of adsorption for H and CO. While it is difficult to observe adsorbed H spectroscopically, theory has found that H adsorbs in the hollow site on both the Cu(111) and Cu(100) surfaces. 64 Conversely, infrared absorption studies have found that CO adsorbs on the ontop site on Cu surfaces under electrochemical conditions. 65−67 Thus, H and CO adsorb on different surface sites, the electronic properties of which are modified by different magnitudes by surface strain. A recent theoretical study of Cu-based surface alloys found that H adsorbed in the hollow site was more significantly destabilized by compressive strain than CO adsorbed on the ontop site. 68 Thus, compressive strain results in a reduction of the adsorption energy of H relative to CO, leading to an enhanced selectivity for the production of products derived from CO by selective suppression of HER.
Theoretical studies have found that the lowest energy pathway to C−C coupling at potentials cathodic of −1 V vs RHE over Cu(100) involves the reaction of CO with CHO to form CO−CHO. 69 This intermediate could be reduced to glyoxal, the simplest C 2 product produced by CO 2 RR over Cu. 12 Furthermore, it has been shown that glyoxal reduction produces acetaldehyde over pure Cu and that at more cathodic potentials acetaldehyde can be reduced further to yield ethanol. 8, 70, 71 The reduction of glyoxal is relatively facile in comparison to CO 2 RR unlike the reduction of acetaldehyde, which requires a slightly lower overpotential than the reduction of CO. 70 This observation suggests that acetaldehyde has a relatively weak binding energy to the Cu surface compared to other carbonyl-containing intermediate reaction products. Thus, the enhanced production of acetaldehyde may be a result of the reduced oxophilicity of the compressively strained Cu, which presumably reduces the acetaldehyde adsorption energy to the extent that it desorbs from the Cu surface as it is produced. Once desorbed, acetaldehyde may then be susceptible to "Cannizzaro-type" disproportionation in the relatively alkaline conditions found within the hydrodynamic boundary layer at the cathode surface, producing ethanol and acetate. 72 This would explain the correlation between the generation rates of acetate and acetaldehyde observed here and reported elsewhere. 73 Interestingly, the molar ratio of acetate to acetaldehyde was observed to be constant in all experiments performed despite nearly an order of magnitude variation in their absolute generation rates (see Supporting Information, SI-26). The observed acetate to acetaldehyde molar ratio is equivalent to the equilibrium constant of acetaldehyde hydration in water, suggesting that the formation of 1,1-ethanediol by hydration of acetaldehyde may initiate the "Cannizzaro-type" disproportionation.
It is difficult to explain why the enhanced production rate of carbonyl-containing products comes at the expense of ethene because little is known about the mechanism leading to ethene formation from CO. One potential explanation is that acetaldehyde intermediates are present on the electrode surface as vinyl alcohol, the keto form of acetaldehyde, and that this species can be reduced to ethene. 12 An alternative mechanism is that the ethene pathway diverges from the ethanol pathway before the formation of glyoxal. These potential routes are summarized in Scheme 1. Interestingly, a recent theoretical study has concluded that surface adsorbed water plays a critical role in determining the hydrocarbon selectivity observed over Cu by initiating C−O bond scission. 74 Thus, the enhanced formation of carbonyl-containing products at the expense of ethene may be a result of the suppression of HER, which also reduces the rate of C−O bond scission by reducing the surface coverage of HER intermediates. This hypothesis is supported by the inverse correlation between the oxygenate selectivity, defined as the fraction of the current going toward the production of products derived from CO that are oxygenates, and the HER activity observed over the Cu(100)+Ag surface alloys, as shown in Figure 9 . Thus, the addition of Ag into the Cu surface enhances the oxygenate selectivity observed during CO 2 RR by selectively titrating HER active surface sites.
■ CONCLUSIONS
As-prepared CuAg bimetallic electrodes consist of Cu and Ag crystallites with a surface composition equivalent to that of the bulk. However, during CO 2 RR the Ag-rich bimetallic electrodes undergo Cu surface enrichment due to CO adsorbate-induced segregation of the Cu initially dissolved in the Ag phase. The distribution of products produced over stable CuAg bimetallic electrodes indicate that CO is primarily produced on the surface of the Ag domains, whereas CO reduction occurs exclusively on the surface of the Cu domains. However, the distribution of products observed over the Cu domains is altered compared to pure Cu, with H 2 production being suppressed by ∼75%. While the suppression of HER does not inhibit the ability of the Cu domains to produce products derived from CO, the distribution of products shifts to favor carbonyl-containing products at the expense of hydrocarbons. This activity modification was found to be independent of the near-surface composition of the bimetallic electrodes, suggesting that the Cu phase is equally modified by a small amount of Ag in all cases. The mechanism of surface promotion is compressive strain induced by the formation of a Cu+Ag surface alloy, which induces a shift in the valence band density of states of Cu to deeper levels. This interpretation is strongly supported by observations over Cu+Ag surface alloys prepared by Galvanic exchange of Ag into Cu(100) thin films, which display a shift in product selectivity by the addition of <3 at.% Ag into the near-surface region that is in good agreement with those observed over the Cu phase in the bimetallic electrodes.
Thus, the incorporation of Ag atoms into the Cu surface results in compressive strain in the neighboring Cu atoms, which induces an observable shift in the valence band density of states of Cu to deeper levels. This electronic structure modification reduces the binding energies of H and O relative to CO, leading to an enhanced selectivity for the production of products derived from CO due to the selective suppression of HER. These strain effects also result in an enhanced selectivity to multi-carbon carbonyl-containing products at the expense of ethene due to the reduced coverage of adsorbed H and the reduced oxophilicity of the compressively strained Cu. These insights provide a rational means for modifying the activity of CO 2 RR electrocatalysts to favor the formation of oxygenated products.
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